ABSTRACT Electrocardiography previously has been used as a noninvasive method for detecting cardiac hypertrophy associated with pulmonary hypertension syndrome (PHS, ascites). In the present study, 36 of 100 male broiler chicks were selected for inclusion in the experiment based on their hatch weight (> 40 g), Day 1 to 14 BW gain (upper 50% of population distribution), and the normalcy of their Day 14 electrocardiogram (ECG). On Day 16, 10 chicks were assigned to the unoperated control group (CONTROL), sham operations were performed on 10 chicks (SHAM), and pulmonary hypertension was initiated by clamping the left pulmonary artery in 16 chicks (PA-CLAMP). Electrocardiogram leads I, II, III, and aVp were recorded daily until Day 27, when 6 of the 12 birds surviving in the PA-CLAMP group had developed clinical ascites. The right: total ventricular weight ratio (RV:TV) was higher and BW was lower in the PA-CLAMP group than in the CONTROL and SHAM groups on Day 27. The RS, R, and S wave amplitudes in lead II for the CONTROL and SHAM groups did not change, whereas in lead II for the PA-CLAMP group the S wave attained a more negative
INTRODUCTION
Substantial evidence indicates that pulmonary hypertension in broiler chickens initiates a pathophysiological progression leading to terminal ascites (Ploog, 1973; Cueva et al, 1974; Huchzermeyer and DeRuyck, 1986; Hernandez, 1987; Wideman, 1988; Peacock et al, 1989 Peacock et al, , 1990 Julian, 1993; Odom, 1993; Wideman and Bottje, 1993; Wideman et al, 1995a,b) . Pulmonary hypertension can arise when an increase in cardiac output (CO) exceeds the capacity of the pulmonary vasculature to accommodate sufficient blood flow at a normal pulmonary arterial pressure amplitude by Day 21, the RS wave attained a more negative amplitude by Day 22, and the R wave declined to a less positive amplitude by Day 23 when compared with presurgery values. Similar differences were observed for the RS and S waves for leads III and aVp-The mean electrical axis (MEA) and mean resultant vector (MRV) of the CONTROL and SHAM groups did not change; however the PA-CLAMP group the MEA rotated significantly from +3° to -72° and then to -88° on Days 14, 22, and 27, respectively, and the MRV amplitude increased from 0.052 to 0.108 mV and then to 0.179 mV on Days 14, 22, and 27, respectively. When data from all treatment groups were combined, higher absolute and BW-normalized RV:TV ratios were inversely correlated (r = -0.859 to -0.880) with increasingly negative S wave amplitudes in leads II and aVp. Higher absolute and BW-normalized RV:TV ratios were directly correlated (r = 0.786 to 0.789) with increasing MRV amplitudes. These ECG characteristics constitute accurate, noninvasive predictive criteria suitable for detecting cardiac changes occurring early during the onset of primary pulmonary hypertension.
1996 Poultry Science 75:407-416 (PAP), or when an elevated PAP is necessary to overcome an increased pulmonary vascular resistance (PVR) caused by vasoconstriction or lung damage (Wideman and Bottje, 1993; Owen et al, 1995c; . The increased work performed by the right ventricle in sustaining an elevated PAP triggers specific right ventricular hypertrophy and dilation; consequently, an increased right:total ventricular (RV: TV) weight ratio is the earliest gross symptom observed during the pathophysiological progression (Burton et al, 1968; Burton and Smith, 1967; Cueva et al, 1974; Huchzermeyer and DeRuyck, 1986; Hernandez, 1987; Peacock et al, 1989; Julian, 1993; Odom, 1993; Wideman and Bottje, 1993) . Following the onset of pulmonary hypertension, hypoxemia and hypercapnia develop when the rate of blood flow through the pulmonary vasculature becomes too rapid to permit normal gas exchange (Peacock et al, 1989 (Peacock et al, , 1990 Reeves et al, 1991; Julian and Mirsalimi, 1992; . {Key words: ascites, chicken, pulmonary hypertension, electrocardiogram)
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Hypoxemia reduces the contractility of avian cardiac muscle (Olander et al, 1967; Abati, 1976; Barry et al, 1980; Maxwell et ah, 1990) , which may account for the generalized cardiac enlargement, flaccidity, and congestive heart failure occurring during the terminal stages of the pathophysiological progression (Julian, 1993) .
Electrocardiography is routinely used in human and veterinary medicine to assess alterations in cardiac size and function. Standard electrocardiogram (ECG) limb lead configurations, typical ECG wave segments, and standard degree-vector alignments for the frontal plane mean electrical axis (MEA; degrees) and mean resultant vector amplitude (MRV, millivolts) have been described for mammals and birds (Sturkie, 1986; Guyton, 1991; Odom et al, 1991; Conover, 1992) . Owen et al. (1990) first reported increased ECG lead II RS wave amplitudes when pulmonary hypertension and cardiac hypertrophy were triggered by exposing broilers to hypobaric hypoxia. Subsequent studies confirmed the utility of electrocardiography as a noninvasive method for detecting cardiac changes in ascitic broilers (Odom et al, 1991 (Odom et al, , 1992 (Odom et al, , 1995a . The present study was designed to identify the earliest ECG changes that can be detected during the onset of primary pulmonary hypertension. Once characteristic changes in the ECG have been identified, then electrocardiography can be used to identify susceptible but subclinical individuals for subsequent physiological and genetic experimentation.
A recently developed pulmonary artery clamp model was used to synchronize the initiation of pulmonary hypertension . Chronically clamping one pulmonary artery in clinically healthy 2-to 3-wk-old broiler chicks directly doubles PVR and initiates pulmonary hypertension by forcing the right ventricle to develop sufficient PAP to force the entire CO through the vasculature of the unobstructed lung. This model initiates a progression of symptoms typical of those observed in broilers developing ascites spontaneously during commercial broiler growout, or during exposure to commonly used experimental models such as cold stress or hypobaric hypoxia (Owen et al, 1990; Wideman and Bottje, 1993; Wideman et al, 1995a,b) .
MATERIALS AND METHODS
One hundred male by-product chicks of a Hubbard 2 breeder pullet line were wing-banded and reared on wood shavings litter in an environmental chamber (8 m 2 floor space). The chicks were brooded at 32 and 30 C during Weeks 1 and 2, respectively, and at 24 C thereafter. Ventilation was adjusted as needed to maintain air quality (0.7 to 3 m 3 /min). The chicks were fed corn-soybean meal-based broiler rations that were formulated to meet or exceed the minimum NRC (1984) standards for all ingredients. Feed and water were provided for ad libitum consumption.
Body weight was measured on Days 1, 7, and 14 to 27. Electrocardiogram leads I, II, III, and aVp were recorded simultaneously using a Biopac MP100 data acquisition system, four ECG100A amplifiers, and AcqKnowledge software.
3 An Omnical 2010 square wave voltage calibrator 4 was used to calibrate the ECG recordings. Unanesthetized birds were restrained in dorsal recumbency with the wings and legs extended. Electrode gel 5 was applied to the skin to improve ECG signal transmission before positioning alligator clip electrodes at the base of wings and at the base of the left leg using standard ECG limb lead configurations. The aVp lead was recorded by attaching the left leg electrode to the positive (+) terminal of an ECG100A amplifier, whereas both the right and left wing electrodes were attached through 5,000 Q resistors to the negative (-) terminal (Conover, 1992; Guyton, 1991) . Following the Day 14 measurements, 36 chicks were selected for continuation in the experiment based on their hatch weight (> 40 g), their Day 1 to 14 BW gain (upper 50% of the population range), and the normalcy of their Day 14 ECG wave forms. Birds culled on Day 14 for ECG abnormalities included those exhibiting erratic or arrhythmic ECG wave forms, missing or inverted wave segments, or ECG lead II RS-wave amplitudes outside the range of 0.040 to 0.120 mV. Exceptionally small wave segments are difficult to identify and measure with confidence. Large ECG amplitudes in 14-d-old chicks may be symptomatic of preexisting right ventricular dilation or generalized cardiac enlargement, which often can be detected in recently hatched broiler chicks from many genetic lines (Wideman, 1988; Odom et al, 1991 Odom et al, , 1992 , and which may be symptomatic of embryonic hypoxia and hatchery mismanagement (Maxwell et al, 1987) . The MEA was not used as an ECG culling criterion. The hatch weight, BW gain, and ECG culling criteria were designed to optimize the likelihood that only clinically healthy fast-growing chicks were included in the experiment.
Surgical procedures for clamping the pulmonary artery have been described , and were approved as Protocol 241 by the University of Arkansas Institutional Animal Care and Use Committee. Briefly, following the Day 16 ECG recordings, 26 chicks were anesthetized with intramuscular injections of a 1:1 mixture of Ketamine HC1 (Ketaset, 6 100 mg/mL) and Xylazine (Rompun/ 100 mg/mL) (Harvey et al, 1985) . The left pulmonary artery was exposed through the thoracic inlet, and was clamped in 16 chicks using clips fashioned from 0.38 mm diameter silver wire 8 (PA-CLAMP group). The pulmonary artery was exposed but not clamped in 10 chicks (SHAM group). Incisions were closed with surgical staples, sprayed with a topical antibacterial powder, and the chicks were allowed to recover under a heat lamp. Chicks in the CONTROL group were not anesthetized nor did they undergo surgical procedures. Electrocardiograms were recorded daily until half of the 12 chicks surviving in the PA-CLAMP group exhibited clinical ascites on Day 27. Four of the birds in the PA-CLAMP group died prior to Day 27 and the data collected from these birds were excluded from statistical analysis. Birds surviving to Day 27 were killed with CO2 gas, examined to verify clamp placement, and the heart was removed, blotted dry, dissected, and weighed for calculation of the RV:TV ratio, which serves as a reliable index of pulmonary hypertension (Burton and Smith, 1967; Burton et ah, 1968) .
For each ECG recording, the first three to five complete ECG RS-waves were measured to obtain average amplitudes of the R-wave (positive amplitude; baseline to maximum positive peak of the R-wave) and RS wave (negative amplitude: maximum positive peak of the R-wave to maximum negative value of the Swave). The S-wave amplitude was calculated as the difference between RS-and R-wave amplitudes (negative amplitude: baseline to maximum negative value of the S-wave). The ECG leads I and aVp recorded on Days 14, 22, and 27 were used to calculate the frontal plane mean electrical axis (MEA; degrees) and mean resultant vector amplitude (MRV; millivolts) using standard degree-vector alignments (Guyton, 1991; Odom et al., 1991; Conover, 1992) .
Data were analyzed using the General Linear Models Regression and Correlation procedures of SAS® (SAS Institute, 1982) Day of Age FIGURE 2. RS wave amplitudes in lead II for control broilers (CONTROL; •), broilers that were sham-operated on Day 16 (SHAM; •), and broilers in which one pulmonary artery was permanently clamped on Day 16 (PA-CLAMP; A). Different letters (a,b) designate significant differences (P < 0.05) among group values (mean ± SEM) within a single day of age. Asterisk designates the first postsurgery value to differ significantly from both presurgery values within an experimental group. Error bars are not visible when hidden by the symbol.
RESULTS
Body weight did not differ among the groups prior to Day 16, however BW of the PA-CLAMP group was lower (P < 0.0009) on Days 17 to 27 than for the CONTROL and SHAM groups (Figure 1 ). The lead II RS, R, and S wave amplitudes of the CONTROL and SHAM groups did not change when pre-(Days 14 and 16) and post-(Days 17 to 27) surgery values were compared (Figures 2 to 4) . Comparisons of pre-and postsurgery values within the PA-CLAMP group indicate that the RS wave attained a more negative amplitude by Day 22, the R wave declined to a less positive amplitude by Day 23, and the S wave attained a more negative amplitude by Day 21 (Figures 2 to 4) . The lead II RS and S wave amplitudes of the PA-CLAMP group were significantly more negative than the corresponding amplitudes in the SHAM and CONTROL groups on Days 22 to 27 (RS wave, Figure 2 ) and Days 21 to 27 (S wave, Figure 4 ). Similar patterns of increasingly negative RS and S waves were evident in leads III and aV F for the PA-CLAMP group (data not shown).
The MEA and MRV of the CONTROL and SHAM groups did not change (P > 0.05) during the Day 14 to 27 period of evaluation ( Figures 5A and 5B) . The MEA and MRV of the PA-CLAMP group shifted (P = 0.01) from 3 ± 16° MEA and 0.052 ± 0.009 mV MRV on Day 14, to -72 ± 15° MEA and 0.108 + 0.017 mV MRV on Day 22, and then to -88 ± 2° MEA and 0.179 ± 0.02 mV MRV on Day 27 ( Figure 5C ).
With the exception of a lower left ventricle plus septum weight in the SHAM group, there were no Day of Age FIGURE 3. R wave amplitudes in lead II for control broilers (CONTROL; •), broilers that were sham-operated on Day 16 (SHAM; •), and broilers in which one pulmonary artery was permanently clamped on Day 16 (PA-CLAMP; A). Different letters (a,b) designate significant differences (P < 0.05) among group values (mean ± SEM) within a single day of age. Asterisk designates the first postsurgery value to differ significantly from both presurgery values within an experimental group. Error bars are not visible when hidden by the symbol.
differences between the CONTROL and SHAM groups for the final measurements obtained on Day 27 (Table 1) . In contrast, broilers in the PA-CLAMP group had lower BW, higher right ventricle weights, lower left ventricle plus septum weights, higher absolute and relative RV: TV weight ratios, more negative RS and S wave amplitudes in leads II and aVp, a less positive R wave amplitude in lead II, a larger MRV amplitude, and a more negative MEA than broilers in the CONTROL and SHAM groups (Table 1) .
When CONTROL or SHAM data were evaluated independently, the RS, R, and S wave amplitudes for ECG leads II and aV F , the MEA, and the MRV all were poorly correlated with BW, ventricular weights, and RV: TV ratios (Tables 2, 3, 4) . Within the PA-CLAMP group, lower BW values were directly correlated with more negative RS and S wave amplitudes in lead II (Table 2) , and with the more negative RS wave amplitudes in the aV F lead (Table 3 ). In the PA-CLAMP group, larger right ventricle weights and higher RV:TV ratios were inversely correlated with more negative RS and S wave amplitudes in lead II (Table 2) , and with more negative RS and S wave amplitudes in the aVp lead (Table 3) . Also in the PA-CLAMP group, higher RV:TV ratios were inversely correlated with more negative MEA values, and were directly correlated with higher MRV amplitudes (Table 4) .
When data from all treatment groups were combined, higher absolute RV:TV ratios and BW-normalized RV: TV ratios were strongly inversely correlated (r = -0.859 to -0.880) with more negative S wave amplitudes in leads II and aVp (Tables 2 and 3 ). Higher absolute and BW-normalized RV:TV ratios were strongly positively correlated (r = 0.786 to 0.789) with MRV amplitudes when data from all treatment groups were combined ( negative correlation between BW-normalized RV:TV ratios and S-wave amplitudes in lead II for all groups combined are shown in Figure 6 , demonstrating the extent to which data from the PA-CLAMP group extend the range of highly negative S wave amplitudes and dictate the correlations when all data are combined.
DISCUSSION
Within most lines of broilers selected for fast growth, high breast meat yield, and excellent feed conversion efficiency, resistant individuals can be defined as those that do not develop clinical symptoms of pulmonary hypertension when exposed to appropriate stressors such as hypobaric hypoxia or cool temperatures, whereas susceptible individuals can be defined as those exhibiting a range of symptoms typical of the pathophysiological progression terminating in ascites (Wideman and Bottje, 1993; Rhoads et al, 1995) . For a given experimental protocol, the proportion of the population exhibiting ascites susceptibility depends partly on the timing and severity of exposure to the triggering stressors and on the growth rate of the flock as a whole (Julian et al, 1989; Owen et al, 1990 Owen et al, , 1995b Scheele et al, 1991; Lubritz and McPherson, 1994; Wideman et al, 1995a,b) . In this context, doubling PVR by clamping one pulmonary artery in 2-to 3-wk-old broiler chicks represents a severe challenge at an early age, thereby exposing ascites susceptibility across most of the population continuum . In addition to reliably inducing a high incidence of ascites with symptoms paralleling those induced by •VF (*90«)
•VF(*90») FIGURE 5. Frontal plane mean electrical axis (MEA: 0° to -180° for upper half; 0° to 180° for lower half of figure) and mean resultant vector (MRV: length of arrows proportional to MRV in millivolts; see scale arrow) for individual birds (open arrows) or all birds in a group combined (solid arrow = combined mean MEA and MRV value) at 14, 22, and 27 d of age for control broilers (CONTROL; Figure 5 top), broilers that were sham-operated on Day 16 (SHAM; Figure 5 middle), or broilers in which one pulmonary artery was permanently clamped on Day 16 (PA-CLAMP; Figure 5 bottom). In this frontal (ventral) view, the left wing lead corresponds with the 0° lead I position, and the right wing lead corresponds with the ±180° lead I position. MEA and MRV for the CONTROL and SHAM groups did not change over time. In the PA-CLAMP group, the significant MEA rotation from 3° to -72° and then to -88° (Days 14 to 22 to 27, respectively) accompanied by an increase in MRV amplitude from 0.052 to 0.108 and then to 0.179 mV (Days 14 to 22 to 27, respectively), signify an increased right ventricular contribution to the overall electrical activity during ventricular depolarization. other commonly used experimental models, the pulmonary artery clamp model also permits effective synchronization of the age at which pulmonary hypertension is initiated. In the present study, these advantages of the pulmonary artery clamp model were coupled with rigorous culling criteria designed to minimize confounding sources of variability (Wideman, 1988; Rhoads et al, 1995) . This approach permitted us to identify significant differences in the MEA, MRV, and lead II RS and S wave amplitudes as early as 5 to 6 d after the initiation of pulmonary hypertension, at a time when clinical ascites was not evident. Longer growout periods have been required to detect significant ECG changes in previous studies, in part because the age of onset of pulmonary hypertension can be highly variable when the triggering stressor is less intense, and also because ECG patterns can be highly variable within broiler populations that have not been specifically culled (Owen et al, 1990 (Owen et al, , 1995a Odom et al, 1991 Odom et al, , 1992 . The pathophysiological progression initiated by clamping one pulmonary artery provides direct support for the hypothesis that broilers are susceptible to ascites when their metabolic demand for oxygen is not matched by the capacity of their pulmonary vasculature to accept and oxygenate, at a normal PAP, the CO necessary to supply that oxygen (Wideman and Bottje, 1993; Rhoads et al, 1995; . In previous studies using the pulmonary artery clamp and cool temperature models, early BW and BW gain were not predictive of ultimate susceptibility to ascites, indicating that the hypothetical mismatch between the somatic demand for blood flow and the pulmonary vascular capacity does not only occur in the largest or fastest Pearson correlation coefficients (r) and probability (P) values for significant relationships between electrocardiogram lead II RS, R, and S wave amplitudes vs body weight or ventricular weight measurements in normal broilers (CONTROL), sham-operated broilers (SHAM), broilers in which one pulmonary artery was clamped (PA-CLAMP) or all broilers combined (ALL) Lead growing individuals in a population Wideman et al, 1995a,b) . Consequently, although ascites mortality typically is highest in the fastest growing flocks of broilers, and the incidence of ascites can be lowered by strategies that reduce flock growth rate, nevertheless the fastest growing individuals are not necessarily the most susceptible to ascites. Furthermore, broilers with terminal ascites under commercial conditions tend to be smaller than age-matched healthy members of the flock, and in the present study clinical ascites developed rapidly in spite of an almost immediate reduction in BW gain following pulmonary artery clamp placement (Figure 1 ). This reduction in BW gain has been attributed to the rapid onset of systemic hypoxemia following the initiation of pulmonary hypertension, resulting in a depression of growth when the metabolic demand for an essential nutrient, oxygen, cannot be synchronized with the physiological capacity for oxygen uptake or delivery (Wideman and Kirby, 1995a,b) . Presumably the initiation of pulmonary hypertension and hypoxemia trigger multiple positive feedback mechanisms that drive the pathophysiological progression onward in spite of a decline in the rate of BW gain (Wideman and Bottje, 1993) .
Correlations were improved when ECG amplitudes or RV:TV ratios were normalized for BW in the present and previous studies (Odom et al, 1992) , but is clear that BW per se was not a direct determinant of ECG amplitudes. For example, although broilers in the PA-CLAMP group had lower BW values and more negative lead II S wave amplitudes than age-matched healthy members of the flock (CONTROL and SHAM groups), nevertheless a threefold age-related increase in the BW of healthy broilers (Figure 1 , Day 14 to Day 27) failed to dictate a correspondingly less negative lead II S wave amplitude (Figure 4) . Similarly, because the work performed by the left ventricle (CO pumped) directly supports the somatic demand for oxygen delivery, and left ventricular hypertrophy occurs normally as CO increases to match somatic growth, it consequently is unnecessary to adjust for differences in BW when RV:TV ratios are used as an index of PAP (Burton and Smith, 1967; Burton et al, 1968; Peacock et al, 1989) . Thus, the improvement in predictive correlations attained by BW normalization must arise because such normalization effectively combines two independent biological criteria, decreasing BW gains and increasing RV hypertrophy, each of which are separately correlated with pulmonary hypertension and ascites. In contrast, RV hypertrophy and subsequent general cardiac enlargement directly (dependency) determine the amplitude and vector characteristics of the ECG recordings for birds developing pulmonary hypertension and ascites.
Overall, the changes in ECG wave amplitudes, MEA, and MVR noted during the onset of pulmonary hypertension in the PA-CLAMP group confirm previous reports that broilers developing ascites exhibit increasingly negative RS and S wave amplitudes in leads II and aVp, less positive R wave amplitudes in leads II and aVp, and increasing MRV amplitudes coupled with MEA vectors that shift to an increasingly negative (-80° to -110°) range as the hypertrophying right ventricle begins to make a more of a contribution to the cumulative electrical activity associated with ventricular depolarization (Owen et al, 1990 (Owen et al, , 1995a Odom et al, 1991 Odom et al, , 1992 . Several of these changes in the ECG ventricular electrical activity were highly correlated with the absolute RV:TV ratio and thus, indirectly, with PAP (Burton et al, 1968; Ploog, 1973; Peacock et al, 1989) . For the purposes of the practical application of electrocardiography to identifying susceptible but subclinical individuals in a survey of large numbers of birds, multiple ECG leads and appreciably complicated calculations would be required to obtain MEA and MRV values. In contrast, the S wave amplitude in lead II was highly correlated with absolute RV:TV ratios and BWnormalized RV:TV ratios, and the lead II S wave amplitude is easily obtained from a simple two-lead (right wing to left leg) ECG. Under the conditions of the present study, broilers in which the lead II S wave amplitude changed from -0.06 mV on Day 14 (Figure 4) to an amplitude more negative than -0.150 mV thereafter ( Figure 6 ) could confidently be identified as being susceptible individuals. As is evident from the poor ECG correlations for CONTROL and SHAM groups (Tables 2 to 4) , and from the range of data represented in Figure 6 , an appropriate initiating stressor (cool temperature, hypobaric hypoxia, pulmonary artery clamp) must be applied to the broilers being surveyed if electrocardiography is to be successfully applied as a noninvasive index for predicting subclinical susceptibility to pulmonary hypertension syndrome.
